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It is now well established that Parkinson's disease (PD) is not only a movement disorder of the CNS but also a
gastrointestinal disorder affecting the enteric nervous system (ENS). The gut-brain axis is a bidirectional com-
munication between the brain and the gastrointestinal tract, which comprises besides the CNS and the ENS, the
intestinal epithelial barrier, the intestinal microbiota and the enteroendocrine systems. In this review, we present
the clinical and pathological evidence suggesting that the gut-brain axis is dysfunctional in PD by discussing the
possible role of gut microbiota, inflammation and permeability in the development of the disease.

An accumulating body of literature has emerged in the past 25 years
to show that PD is not only disorder of the brain but also of the gas-
trointestinal (GI) tract and more generally of the gut-brain axis. GI
symptoms occur in almost every PD patient at some point [1] and au-
topsy studies have consistently shown that alpha-synuclein aggregates
are found in the myenteric plexus of the enteric nervous system (ENS)
in nearly every case examined pathologically [2-4]. Based on the to-
pographic distribution of alpha-synuclein deposits established after
autopsy, Braak and coworkers hypothesized that PD pathology may
start in the GI tract then spread to the brain via the vagus nerve [5,6].
The arguments for or against this so-called Braak's hypothesis have
been thoroughly reviewed in two recent articles [7,8] and therefore the
possible role of the vagus nerve in PD pathogenesis will not be dis-
cussed in the current review. We will instead focus on the role of other
components of the gut-brain axis, including gut microbiota, epithelial
intestinal barrier and enteroendocrine systems in the development of
PD. We will first provide an overview of the different components of the
gut-brain axis then discuss the possible evidence that changes in the
composition of gut microbiota, gastrointestinal inflammation, intestinal
barrier dysfunction and enteroendocrine cells are implicated in PD
pathogenesis.

1. What is the gut-brain axis made of?

The notion of a gut-brain axis, a bidirectional communication

system involving neural and humoral mechanisms, was initially pro-
posed by Sudo and colleagues in 2004 who discovered the impaired
stress response in germ-free mice [9]. This gut-brain axis consists of
“hard-wired” anatomical neural connections, humoral components
provided by the endocrine and immune systems and the intestinal
epithelium and the gut microbiota (Fig. 1).

- The neural connections between the gut and brain include the
central nervous system (CNS), both brain and spinal cord, the au-
tonomic nervous system, the enteric nervous system (ENS) and the
hypothalamic pituitary adrenal axis. The autonomic system, with
the sympathetic and parasympathetic pathways, drives both afferent
signals, arising from the lumen and transmitted though enteric,
spinal and vagal pathways to the CNS, and efferent signals from the
CNS to the ENS and intestinal wall [10]. The vagus nerve, which
innervates the entire digestive tract until the left colonic flexure is
able to sense microbiota metabolites and to transfer this information
to the brain [10]. The hypothalamic pituitary adrenal axis is part of
the limbic system and considered the core stress efferent axis that
coordinates the adaptive responses of the organism to stressors of
any kind [11]. The ENS is an integrative neuronal network orga-
nized in two ganglionated plexuses, myenteric and submucosal,
composed of neurons and enteric glial cells (EGC) [12]. It is sug-
gested that EGC represent the ENS counterpart of CNS astrocytes
since they resemble astrocytes both morphologically and
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Fig. 1. Main components of the gut-brain axis. The gut-
brain axis consists of bidirectional communication between
the CNS and the ENS and comprised neural connections,
humoral components provided by the endocrine system, mi-
crobiota and their products, and the intestinal epithelium.
The neuronal network includes the ENS (enteric neurons and
enteric glial cells, EGC), the sympathetic and para-
sympathetic pathways and the CNS. The enteroendocrine
cells (EEC) mediate their action through the release of hor-
mones such as 5-hydroxytryptamine (5-HT). Putative me-
chanisms by which gut bacteria modulate the brain include
bacterial products that gain access to the brain via the
bloodstream and the area postrema, such as short chain fatty
acids (SCFA) and neurotransmitters (GABA, y-aminobutyric
acid). The microbial composition can shift from a resting
state to a pro-inflammatory state in the presence of in-
flammatory mediators.

neuronl

Anti-inflammatory microbiota

immunohistochemically [13] (Fig. 1).

- The humoral components of the gut-brain axis consist the en-
teroendocrine system, the mucosal immune system and the micro-
biota metabolites. Enteroendocrine cells produce hormones such as
cholecystokinin and ghrelin, both of which regulate appetite, and 5-
hydroxytryptamine, which has a broad range of effects on gut and
brain functions [14] (Fig. 1).

- The intestinal epithelium forms a regulated barrier, known as in-
testinal epithelial barrier (IEB), between the blood circulation and
the contents of the intestinal lumen. It prevents the passage of
noxious contents while allowing the absorption and secretion of
nutrients [15]. Among the most important structures of the in-
testinal barrier are the epithelial tight junctions (TJs) that connect
adjacent enterocytes together to determine paracellular perme-
ability through the lateral intercellular space [16] (Fig. 2A). They
are formed by transmembrane proteins such as claudins and oc-
cludins connected to the actin cytoskeleton via high molecular
weight proteins called zona occludens (ZO-1, ZO-2 and 3) [16]
(Fig. 2A). The gut microbiota consists of more than one trillion of
microorganisms, including mainly bacteria, which interact directly
with the intestinal epithelium and contribute to maintain the in-
tegrity of the IEB, through the regulation of TJs proteins expression
[17]. In addition, gut microbiota and its metabolites might also in-
fluence blood brain barrier integrity and permeability along with
microglia function and maturation in the CNS [18,19].

2. Gut microbiota in PD

The GI involvement in PD led several groups to analyze the com-
position of gut microbiota in PD and so far, 13 studies have been
published (Table 1) [20-30]. Despite differences in terms of patient
recruitment (number and selection criteria) and methods of analysis
(molecular biology, bioinformatics and statistics), all these studies
identified changes in the composition of the gut microbiota in PD
(Table 1). Compared to the control population, an increase of Akker-
mansia (6 studies) [20-25] and Lactobacillus bacteria (5 studies)
[20,25-28] as well as a decrease of Prevotella bacteria (6 studies)
[20,22-24,26,27] was observed in PD patients. The other concordant
results between the studies were the lower abundance of
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Faecalibacterium (4 studies) [22,24,27,29] and Blautia (3 studies)
[21,24,29] and an increase in the number of Bifidobacterium (3 studies)
[22,24,27]. It is unlikely that these changes were the sole consequence
of PD treatment as they were also observed in early disease stage i-
DOPA-naive PD patients [23,25]. To further investigate a possible role
for gut microbiota in PD, Sampson et al. used a transgenic PD mouse
model, which overexpress high levels of human alpha-synuclein in their
brains and develop progressive motor deficits. The authors raised these
mice in a germ-free environment or conventionally. Germ-free and
antibiotic-treated animals had less motor dysfunction and less alpha-
synuclein deposits in the brain than model mice with gut microbiota
[31]. In addition, model mice that received fecal microbiota trans-
plantation from PD patients had more motor symptoms compared with
model animals that received fecal microbiota from healthy individuals.
In a last set of experiments, the authors identified the short-chain fatty
acid butyrate as one of the bacterial metabolite that might be involved
in the deleterious effects of the microbiota of parkinsonian subjects
[31]. It should be however noted that the effects of butyrate on PD
pathology are not unequivocally established, since Unger et al. found a
reduction of fecal butyrate in PD patients when compared to controls
[22]. Using another approach with toxic rodent's models of PD, Choi
et al. found that the number of Enterobacteriaceae, and more specifically
Proteus mirabilis, was markedly increased in the feces of 1-méthyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine
mouse models [32]. Quite remarkably, the repeated oral administration
of Proteus mirabilis isolated from these two mouse models impaired
motor function, induced dopaminergic neuronal loss in the substantia
nigra, and promoted alpha-synuclein aggregation in both brain and
colon of wild-type mice [32]. Additional experiments showed that li-
popolysaccharide, a virulence factor of gram-negative bacteria may be,
at least in part, responsible for the pathological changes induced by
Proteus mirabilis.

3. Gut inflammation in PD

Data from genetic studies support a close relationship between PD
and the gut. Single nucleotide polymorphisms in the CARD15 gene
known to be associated with Crohn's disease are over-represented in
patients with PD [33] and, on the other hand, the Leucine-rich repeat
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Fig. 2. (A) Composition of tight junctions. Tight junctions
; (TJs) of epithelial intestinal cells form selective barriers that
\ regulate paracellular permeability. They consist of proteins
| including occludin, claudins and Zonula occludens-1 (ZO-1).
H (B) Expression levels of claudin-1 are decreased in co-
i lonic biopsies from PD patients. Biopsies lysates were
! subjected to immunoblot analysis using antibodies against
! claudin-1. B-actin was used as a loading control. The optical
H densities of claudin-1 immunoreactive bands were measured,
1 normalized to the optical densities of B-actin immunoreactive
| bands in the same samples and expressed as percentages of
': controls. Data correspond to mean * SEM of 11 samples for
3 control subjects (C) and 31 samples for Parkinson's disease
! (PD) patients. Patients versus control, *: p < 0.05.
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kinase 2 (LRRK2) gene, which has emerged as the gene most commonly
associated with both familial and sporadic PD, has been identified by
genome-wide association studies as a major susceptibility gene for both
CD and PD [34,35]. Two large retrospective cohort studies, by showing
a higher incidence of subsequent PD among patients with IBD, tie even
closer together PD and inflammatory bowel disorders [36,37]. In ad-
dition to IBD, two recent reports showed an association between irri-
table bowel syndrome and PD [38,39].

These findings logically led us to study the expression levels of the
main pro-inflammatory cytokines (tumor necrosis factor-a, interferon
gamma, interleukin-6 and interleukin-1f3) in the gut of PD patients
[40]. By analyzing colonic biopsies from 19 PD patients and 14 age-
matched healthy controls by real-time PCR, we found that the mRNA
expression levels of all pro-inflammatory cytokines were significantly
elevated in the ascending colon of PD patients compared to controls
[40]. The amounts of pro-inflammatory cytokines were nevertheless
markedly heterogenous between PD patients, as some showed levels
similar to control subjects while others had a 4- to 6-fold upregulation
[40]. Subsequent correlation analyses showed that all pro-in-
flammatory cytokines were up-regulated within the same patients,
thereby suggesting that only a subset of PD patients display an “enteric
pro-inflammatory profile” [40]. Glial fibrillary acidic protein (GFAP),
the canonical marker of EGC is known to be up regulated by pro-in-
flammatory cytokines such as interleukin-6 [41] and we therefore
analyzed its expression levels in the same group of patients. Compared
to controls, we found an increased expression of colonic GFAP in PD
patients that was correlated with the mRNA expression levels of each
pro-inflammatory cytokines [40]. These results, obtained with qPCR
were confirmed at the protein level by Western blot [42]. Quite re-
markably, similar changes were noted in experimental parkinsonism as
the injection of 6-hydroxydopamine into the medial forebrain bundle of
rats was accompanied by an upregulation of tumor necrosis factor-a,
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interleukin-13 and GFAP in the colon [43].

In addition to pro-inflammatory cytokines, we showed that the in-
ducible enzyme cyclooxygenase-2 (COX-2) is also upregulated in the
gastrointestinal tract in PD. COX-2, whose expression is increased in
dopaminergic neurons of the substantia nigra in PD [44], catalyzes the
first committed step in the synthesis of prostanoids, a large family of
arachidonic acid metabolites that play a pivotal role in inflammation.
Using colonic biopsies from 13 PD patients and 15 age-matched con-
trols, we observed a significant 3.4- and 1.9- fold increase in the ex-
pression levels of COX-2 mRNA and protein in PD compared to controls,
respectively [45].

More recently, Houser et al. used a multiplex immunoassay to
conduct an extensive analysis of immune- and inflammatory-related
proteins in the stool of 156 individuals with PD and 110 controls [46].
They found elevated levels of interleukin-1a, 13 and C-reactive protein
in the stool of PD patients. Although not significant, the levels of some
upregulated factors tended to be inversely correlated with age and
disease duration. Using a more focused approach, Schwiertz et al. found
that calprotectin, a fecal marker of intestinal inflammation was also
significantly increased in the feces of PD patients compared to controls
[471.

Altogether, these studies provide converging evidence that classic
inflammatory processes occur in the GI tract of PD patients in a way
similar to the brain [48]. Moreover, they also suggest and that GI in-
flammation is more likely to occur in patients with a short disease
duration. These findings are also in line with the observations obtained
in the CNS showing that activated microglia, which drive the release of
pro-inflammatory cytokines occur early in the disease process [49,50].

4. Gut permeability in PD

Increased permeability of the IEB and changes in the expression
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Existing studies on gut microbiota in PD. C: controls; as: amplicon sequencing; qPCR: quantitative PCR; +: bacteria more abundant in PD as compared to controls; -:

bacteria less abundant in PD as compared to controls.

Study PD(m) C(m) Technique + -
Scheperjans et al., 2015 72 72 16S rRNA as -Lactobacillaceae (phylum Firmicutes) Prevotellaceae (phylum Bacteroidetes)
[20] -Verrucomicrobiaceae (phylum Verrucomicrobia),
-Bradyrhizobiaceae (phylum Proteobacteria)
-Clostridiales Incertae Sedis IV (phylum Firmicutes)
Hasegawa et al., 2015 [26] 52 36 qPCR -Lactobacillus (phylum Firmicutes) - Clostridium coccoides group and C. leptum
-Enterococcacecae (phylum Firmicutes) subgroup (phylum Firmicutes)
-Bacteroides fragilis (phylum Bacteroidetes)
Keshavarzian et al., 2015 38 34 16S rRNA as -Akkermansia (phylum Verrucomicrobia) -Blautia, Coprococcus, and Roseburia (phylum
[21] -Oscillospira (phylum Firmicutes) Firmicutes)
-Bacteroides (phylum Bacteroidetes) -Faecalibacterium prausnitzii (phylum Firmicutes)
-Prevotellaceae (phylum Bacteroidetes)
Unger et al., 2016 [22] 34 34 qPCR -Bifidobacterium (phylum Actinobacteria) -Prevotellaceae (phylum Bacteroidetes)
-Enterobacteriaceae (phylum Proteobacteria) -Faecalibacterium prausnitzii (phylum Firmicutes)
-Lactobacillaceae and Enterococcaceae (phylum
Firmicutes)
Petrov et al., 2017 [27] 89 66 16S rRNA as -Christensenella, Catabacter, Lactobacillus, Oscillospira -Dorea, Faecalibacterium (phylum Firmicutes)
(phylum Firmicutes) -Bacteroides, Prevotella (phylum Bacteroidetes)
-Bifidobacterium (phylum Actinobacteria)
Bedarf et al., 2017 [23] 31 28 Shotgun -Akkermansia (phylum Verrucomicrobia) -Prevotellaceae (phylum Bacteroidetes)
sequencing -phylum Firmicutes unclassified -Eubacterium (phylum Erysipelotrichaceae)
Hill-Burns et al., 2017 [24] 212 136 16S rRNA as -Akkermansia (phylum Verrucomicrobia) -Lachnospiracea (phylum Firmicutes)
-Lactobacillus (phylum Firmicutes)
-Bifidobacteriaceae (phylum Bifidobacterium)
Li et al., 2017 [29] 24 14 16S rRNA as -Escherichia-Shigella, Proteus (phylum Proteobacteria) Blautia, Faecalibacterium, Ruminococcus (phylum
-Streptococcus, Enterococcus (phylum Firmicutes) Firmicutes)
Hopfner et al., 2017 [28] 29 29 16S rRNA as -Lactobacillaceae, Enterococcaceae (phylum Firmicutes)
-Barnesiellaceae (phylum Bacteroidetes)
Heintz-Buschart et al., 76 78 16S and 18S rRNA  Akkermansia (phylum Verrucomicrobia)
2018 [25] as
Qian et al., 2018 [30] 45 45 16S rRNA as -Clostridium 1V, Holdemania, Clostridium XVIII, - Lactobacillus (phylum Firmicutes)
Butyricicoccus, Anaerotruncus (phylum Firmicutes) -Sediminibacterium (phylum Bacteroidetes)
-Aquabacterium, Sphingomonas (phylum Proteobacteria)
Lin et al. 75 45 16S rRNA as -Veillonellaceae (phylum Firmicutes) Tenericutes and Euryarchaeota
2018 [60] -phylum Verrucomicrobiaceae Firmicutes
- phylum Bacteroidetes Lachnospiraceae
Bifidobacteriaceae
Tetz et al. 31 38 Shotgun Change bacteriophage composition at the family level: Prevotellaceae
2018 [61] Sequencing Abundance of lytic Lactococcus phages (shift in Lachnospiraceae
neurotransmitter-producing Lactobacillaceae
Lactococcus) Streptococcaceae

levels of TJs proteins have been consistently reported in several di-
gestive disorders such as inflammatory bowel disease and irritable
bowel syndrome [51,52]. These observations, along with the existence
of changes in gut microbiota composition and inflammation, suggest
that PD patients may have a dysfunctional IEB and a ‘leaky gut’. The
urinary recovery ratio of orally ingested sugar probes, such as lactulose
and mannitol, is frequently used to measure intestinal permeability in
vivo [53]. To date, the three studies that evaluated intestinal perme-
ability in PD with this approach have produced conflicting and di-
vergent results. Two of these studies focused on the lactulose/mannitol
ratio, which evaluates small intestinal permeability. As a group, the 15
PD patients studied by Davies et al. had an increased urinary lactulose/
mannitol excretion ratio compared to age and sex matched controls, but
individual results in both groups were nevertheless highly overlapping
[54]. Salat-Foix et al. showed that the lactulose/mannitol ratio was
only marginally higher in 3 out of 12 PD patients [55]. In addition to
lactulose/mannitol ratio, Forsyth et al. performed sucralose absorption
for the evaluation of colon permeability in 9 PD patients and 10 con-
trols [56]. They did not observe any difference in the urinary lactulose/
mannitol excretion ratio between the two groups but found a higher
permeability to sucralose in PD subjects [56].

The inconsistent results on intestinal permeability obtained with
urinary excretion of sugar probes (Table 2) prompted us to utilize an-
other approach to measure IEB permeability in a larger sample size of
PD subjects. Using Ussing chambers [34], we showed that there were no
significant differences in para- and transcellular permeability between
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colonic biopsies from PD subjects and controls. Despite these negative
results and in order to further investigate the IEB in PD, we analyzed
the expression levels of the TJs proteins ZO-1 and, claudins and oc-
cludin by Western blot in colonic biopsies from PD subjects and healthy
controls. A significant decrease in the expression of both occludin and
claudins, but not of ZO-1 was observed in colonic samples of PD pa-
tients compared to controls [57] (Fig. 2B). These results obtained by
Western blots were confirmed using immunohistochemistry experi-
ments, which showed a marked disorganization of TJs in PD subjects
compared to controls [57].

To summarize, because of their small sample size and divergent
results, the existing studies on IEB in PD do not allow us to draw any
definitive conclusions and it still remains to be determined if the IEB is
dysfunctional in PD.

5. Enteroendocrine cells and PD

Enteroendocrine cells are chemosensory cells that are dispersed
throughout the epithelium of the GI tract and oriented with their apical
surface open to the lumen of the intestine, so that they can sense lu-
minal contents [14]. Traditionally, enteroendocrine cells were viewed
exclusively as hormone-producing cells of the GI tract, but a recent
study showed that they also possess neuron-like properties and connect
directly to both enteric neurons and EGC [58]. In addition, these cells
express alpha-synuclein and they connect to alpha-synuclein expressing
enteric neurons, leading to the assumption that enteroendocrine cells
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Existing studies on intestinal permeability in PD. UES: urinary excretion of sugars; C: controls; L/M ratio: lactulose/mannitol ratio. * No control group, values

were compared to standard references.

Study PD C Technique Results

Davies et al., 1996 [54] 15 15 In vivo UES Increased L/M ratio in PD

Forsyth et al., 2011 [56] 9 10 In vivo UES Increased sucralose excretion in PD
L/M ratio unchanged

Salat-Foix et al., 2012 [55] 12 0* In vivo UES Increased L/M ratio in 2/12 PD

Clairembault et al., 2015 [57] 31 11 Ex vivo Ussing No differences between PD and C

might be a link between the gut lumen and the enteric nerves to pro-
pagate pathological alpha-synuclein [59]. Although interesting, this
scenario is nevertheless highly hypothetical and further studies in PD
patients and animal models of PD are critically needed to support or to
invalidate it.

6. Conclusion and perspectives

There has been an exponential growth research on gut-brain axis in
PD over recent years and there is now a reasonable body of evidence
suggesting that some of its main components are dysfunctional in PD.
Several independent studies have consistently reported changes in
abundance of several bacterial genera as well as increased levels of
inflammatory mediators in the PD gut. This, together with the ob-
servation showing that gut bacteria from PD patients worsen and ac-
celerate motor impairment when transplanted into genetically suscep-
tible transgenic mice, strongly suggest that changes in the composition
of gut microbiome and gut inflammation are risk factors for PD. These
findings although novel and interesting are nevertheless preliminary
and there are still many unanswered questions. To cite only a few (i)
what might be the link between the pro-inflammatory profile observed
in the GI tract and the changes in microbiota composition? (ii) are the
changes in gut microbiome primitive or secondary to the disease pro-
cess itself or to disease complications such as constipation? (iii) why is
the microbiota of some PD patients unable to promote motor deficits in
transgenic mice? (iv) why is the GI inflammatory profile so hetero-
genous among PD patients? (v) are there any correlation between the
microbiota or inflammatory profile with markers of disease severity,
including dementia, autonomic dysfunction and RBD? as one might
suggest that a more pronounced proinflammatory profile in the gut can
be associated with a more severe disease phenotype. Studies in well-
defined populations may help clarify this issue. Regarding intestinal
permeability, we have seen that the small sample size and the hetero-
geneity of control population preclude drawing firm conclusions. In
order to overcome the limitations of existing studies, future research
should include a large number of subjects, with a pre-study calculation
of the required sample size and the inclusions of patients spouses and
relatives as controls, as such a strategy has proven to be useful to de-
monstrate intestinal hyperpermeability in Crohn's disease [52].
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